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AcetophenoneAbstract A cerium based metal–organic framework (MOF) Ce-BTC (BTC = 1,3,5-benzenetri-
carboxylic acid) was synthesized using a solvothermal route and was characterized via powder
XRD, BET, SEM, TGA, DRS-UV–vis, FT-IR, and ESR analyses. Oxidative catalytic performance
of the synthesized catalyst was evaluated using ethylbenzene oxidation under optimum conditions.
The results obtained suggest that the catalyst was efﬁcient in the oxidation of EB with 84.99% con-
version and 95.63% selectivity.
ª 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Abundant, industrially valuable synthetic organics are com-
monly derived through oxidation from cheap hydrocarbons.
With respect to this, a wide variety of heterogeneous catalysts
have been studied in the aerobic oxidation of hydrocarbons.
Oxidative derivatives of ethylbenzene (EB) have found appli-
cations in the synthesis of economically valuable chemicals
and monomer materials (Habibi et al., 2013). Heterogeneous
catalysts, such as mesoporous silica (Shrikant et al., 2006), zeo-
lite (Bennur et al., 2004), and metal-containing heterogeneoussolid acid catalysts (Keigo et al., 2004; Vasant et al., 2004) have
been studied for their ability to oxidize alkyl aromatics due to
their inherent advantages, such as ease of recovery, recyclabil-
ity of the catalyst, and suitability for a continuous process.
Ceria-aided oxidation of alkyl aromatics has been studied
extensively by various researchers (Zhao et al., 2006; Araujo
et al., 2003).
Acetophenone is an oxidative product of EB that has found
applications as an intermediate in the synthesis of many value-
added products (Kroschwitz et al., 1995; Nicholson and
Adams, 1968; Baver and Garbe, 1985). Liquid phase oxidation
of EB using transition metal catalysts, such as Co, Mn, Fe, and
Cu, were studied. 8-Quinolinolato manganese (III) complexes
were also reported to catalyze EB oxidation, but the use of that
material resulted in poor conversion (Lu et al., 2010).
Recently, a heteropolytungstate catalyst in the presence of
H2O2 was found to achieve 93% EB conversion (Kanjina
and Trakarnpruk, 2010), but the method suffers from high cost
of the catalyst and using unstable H2O2 as the oxidant. A, http://
2 M.M. Peng et al.Ce-incorporated AlPO-5 catalyst was studied recently, and it
was reported to be more effective for the vapor-phase oxida-
tion of ethylbenzene (Subbiah et al., 2011). However, vapor
phase oxidation may suffer from backpressure during the reac-
tion, and coke formation inside the catalyst can reduce catalyst
recyclability.
Over the past decade, numerous metal–organic framework
(MOF) materials have been devised for gas adsorption and
storage (Ma and Zhou, 2010), sensing (Hadi et al., 2013), drug
delivery (Jihyun et al., 2009), and separation (Emmanuel et al.,
2010). MOF structures are constructed by the combination of
metal ions or clusters with polytopic organic ligands, which
lead to structural characteristics such as high surface area,
porosity, chemical tenability, ﬂexibility, and structural diver-
sity. These attractive properties have made MOFs increasingly
interesting in the ﬁeld of catalysis (David et al., 2009). Various
organic reactions, such as alkene epoxidation (Song et al.,
2010), cyanosilylation (Mikaela et al., 2010), hydrogenation
(Isaeva et al., 2013), Suzuki cross-coupling (Franc¸esc et al.,
2007), aza-Michael condensation (Lien et al., 2012), the
Sonogashira reaction (Gao et al., 2010), transesteriﬁcation
reactions (Zhou et al., 2009), Friedel–Crafts alkylation and
acylation (Lien et al., 2011), and oxidation (Zhang et al.,
2013) were studied using MOFs as catalysts. Recently, some
studies have been devoted to study the performance of MOFs
as catalysts in the oxidation of EB (Lida and Faezeh, 2013;
Luz et al., 2013), but not extensively. Matthias et al., (2014)
have studied the oxidation extensively using a vanadium based
MOF (MIL-47) for oxidation of cyclohexene through epoxida-
tion reaction. They studied the effect of the group substituted
(OH, F, Cl and Br) on BDC (benzene dicarboxylic acid linker).
They found that the alkylperoxo species formed on the van-
adia site is more reactive and responsible for oxidation
(Matthias et al., 2014). As discussed above, ceria is an excellent
material for the oxidation of alkyl aromatics, but until now
ceria-based MOFs have not been studied for EB oxidation.
Ce-based MOF was ﬁrst reported by Alma´sˇi et al., synthesized
using BTC as linker. In Ce-BTC the oxygen atom of each
carboxylate group of the BTC ligand is coordinated to Ce(III)
cations. Further the central Ce atom is linked with one
molecule of water by coordination which will fulﬁll the coordi-
nation Ce atom. Further the bond length Ce-O of seven coor-
dinated oxygen atoms was found in the range of 2.38–2.53 A˚.
One more oxygen atom linked with the CeO8 sphere was found
as semicoordinated. Hence altogether they formed a coordina-
tion polyhedron around Ce with bi-capped trigonal prism. The
shape of the MOF and presence of Ce atom in its Ce3+ state
will give hope to evaluate its oxidation capabilities. To our
knowledge, there is no reported study on the oxidation of
EB using a Ce-BTC framework. Thus, in our present report,
we studied the catalytic performance of Ce-BTC in liquid
phase oxidation of EB in solvent–free conditions.Figure 1 (A) XRD pattern of Ce-BTC, (B) SEM image of Ce-
BTC.2. Experimental
2.1. Synthesis of the catalyst
Ce-BTC was synthesized via a solvothermal reaction in a
typical synthesis run. Thus, 6 mmol (1.26 g) BTC and 10 mmol
(4.34 g) cerium nitrate hydrate were dissolved in 60 mL DMF.
Then, the mixture was sealed in a 100 mL Teﬂon-lined stainlessPlease cite this article in press as: Peng, M.M. et al., Solvent free oxidation of eth
dx.doi.org/10.1016/j.arabjc.2014.11.024steel autoclave and heated at 130 C for 24 h. After cooling to
room temperature naturally, the product was ﬁltered, washed
with DMF, and vacuum-dried at 50 C (Scheme S1).
2.2. Characterization of the catalyst
Powder XRD patterns were recorded using a Rigaku D/Max
2200+Ultima diffractometer with Cu-Ka radiation (k=
0.154 nm). Diffraction data were recorded in the 2h range
5–30 at a step of 0.02/s. TGA was performed using a Scinco
TGA N-1000 thermo gravimetric (TG) analyzer. The SBET and
pore volume were measured with a BEL-Belsorp II volumetric
adsorption analyzer. Prior to each adsorption measurement,
the samples were evacuated under vacuum (p< 105 mbar)
at 105 C for 6 h. SEM images were captured on a JEOL
JSM 5600 scanning electron microscope. Ultraviolet–visible
diffuse reﬂectance (DRS UV–vis) spectra were recorded on a
SCINCO Neosys 2000 spectrometer. Fourier transform
infrared (FT-IR) spectra were recorded at room temperature
with 4 cm1 resolution between 4000 and 400 cm1 with an
FT-IR spectrometer (Nicolet IR 200). The electron spin reso-
nance (ESR) spectrum was recorded on a JES-TE200 (JEOL,
Japan) instrument with a microwave frequency of 9.4 Hz.
2.3. Catalytic reaction
The catalytic activity and selectivity of the oxidation of
ethylbenzene (EB) were studied in solvent-free conditions.
For this, we followed a method reported in prior studies
(Raju et al., 2008) with some modiﬁcations. In a typical run,
5 mL EB and 0.10 g catalysts were taken in a 50 mL roundylbenzene over Ce-BTC MOF. Arabian Journal of Chemistry (2014), http://
Figure 2 (A) Nitrogen adsorption–desorption isotherms of Ce-
BTC, (B) TGA curve of Ce-BTC.
Figure 3 (A) FT-IR spectra of (a) Ce-BTC, (b) Ce-BTC after
reaction, (B) DRS-UV spectra of (a) Ce-BTC, (b) Ce-BTC after
reaction.
Solvent free oxidation of ethylbenzene over Ce-BTC MOF 3bottom ﬂask with a water-cooled reﬂux condenser and an O2
gas inlet. The mixture was heated at a constant temperature
and with continuous O2 gas ﬂow of 5.5 mL/min with stirring
for 6 h. The evaporated EB becomes condensed with the aid
of an attached water-cooled reﬂex condenser, so only excess
O2 after the reaction will escape through the needle attached
over the condensed plug (the reaction set-up is shown in Sup-
plementary ﬁle Fig. S1). Then, the reaction mixture was cooled
to room temperature and ﬁltered to remove the catalyst. The
recovered catalyst was recycled by washing it with ethanol
and then drying it. The reaction products were analyzed via
GC (Agilent, HP-5 column, 50 m · 320 lm · 0.52 lm and
FID detector).
3. Results and discussion
3.1. Characterization of catalyst
The results of the powder XRD are shown in Fig. 1(A). The
peaks that appeared at 8.4, 10.6, and 18.1 (2h) revealed that
the crystallinity of the Ce-BTC obtained was good and compa-
rable to that reported in prior literature (Nazmul et al., 2010).
The peaks in XRD of Ce-BTC synthesized here are similar to
that of the Ce-BTC in the earlier reports (Alma´sˇi et al., 2010).
The SEM image (Fig. 1(B)) showed that the Ce-BTC catalyst
displayed needle-shaped particles, 10–20 lm in size, and with
smaller broken particles (Nazmul et al., 2010; Luo et al., 2008).Please cite this article in press as: Peng, M.M. et al., Solvent free oxidation of eth
dx.doi.org/10.1016/j.arabjc.2014.11.024Fig. 2(A) shows the N2 adsorption–desorption isotherms of
Ce-BTC, with a type I isotherm for micropore materials with
778.5 m2 g1 of surface area and 0.3346 m3 g1 of pore vol-
ume. Fig. 2(B) shows the TGA result of Ce-BTC. There was
a minor weight loss at 100 C, due to loss of physically
adsorbed and lattice coordinated water, further a slow weight
loss was observed until 300 C which may be due to the solvent
DMF and water coordinated with the pores of MOF and the
next major weight loss occurred at around 350 C, due to the
decomposition of the Ce-BTC framework. Thus, the catalyst
is stable up to about 350 C, which is similar with that of
Alma´sˇi et al. report (2010) on Ce-MOF. (Alma´sˇi, M., Zelenˇa´k,
V., Cı´sarˇova´, I., A. Bell. A novel cerium metal-organic frame-
work. http://photon-science.desy.de/annual_report/ﬁles/2010/
20101138.pdf. (accessed on 15/12/2013)).
The FT-IR spectrum of the synthesized Ce-BTC is shown in
Fig. 3(A). The intense band observed at around 3450 cm1 was
assigned to the OH stretching of water molecules, which may
be physically adsorbed or bonded (coordinated). Water peaks
can also be observed even when the product was dried at
150 C for 1 h, which is due to KBr pellet preparation in an
atmosphere of air, so the MOF may capture water moleculesylbenzene over Ce-BTC MOF. Arabian Journal of Chemistry (2014), http://
Figure 4 (A) ESR spectrum of Ce-BTC, (B) EB conversion and
AP selectivity over Ce-BTC at various temperatures.
Figure 5 (A) EB conversion and AP selectivity over Ce-BTC at
various reaction times, (B) EB conversion and AP selectivity over
Ce-BTC at various catalyst weights.
4 M.M. Peng et al.during the process. Bands for AOCOA asymmetric and sym-
metric stretching were observed at 1644 and 1373 cm1.
C‚C stretching of the aromatic rings appeared at 1587 and
1450 cm1. Additionally, low intensity bands of Ce-O stretch-
ing vibrations were seen near 400 and 700 cm1 (Preetha and
Janardanan, 2012).
DRS-UV spectra of the catalyst are shown in Fig. 3(B). The
peak at 250 nm is due to the Ce3+‹ O2 transition, which is
needed for oxidation. The absence of a band at 297 nm demon-
strates that there is no Ce4+‹ O2 charge transfer complex
formed in the framework, as was found in an earlier report
(Rao and Sahu, 2001). The broad envelope peak at 1.97 g inTable 1 EB oxidation reaction catalyzed by Ce-BTC.
Catalyst Ethylbenzene conversion (%)
/ 5.01
Ce-BTC 17.67
Temperature: 160 C, reaction time: 6 h, catalyst weight: 0.10 g, O2 ﬂow
Please cite this article in press as: Peng, M.M. et al., Solvent free oxidation of eth
dx.doi.org/10.1016/j.arabjc.2014.11.024ESR spectra (Fig. 4(A)) of Ce-BTC also gives an evidence of
the presence of a Ce3+ phase with an oxygen-adsorbed condi-
tion, matching that in a previous study on Ce-doped metal
composites and other catalysts (Subbiah et al., 2011).
3.2. Catalytic activity studies
The oxidation of EB was carried out at 160 C using Ce-BTC
as catalyst under solvent-free condition. As one of the reactant
is liquid i.e. EB which was acted here as the medium of reac-
tion. For comparison, the reaction was also carried out in
the absence of a catalyst. The major expected product of EBProduct selectivity (%)
AP BZ BA
57.47 6.69 35.84
90.26 4.81 4.93
rate: 5.5 ml/min.
ylbenzene over Ce-BTC MOF. Arabian Journal of Chemistry (2014), http://
Solvent free oxidation of ethylbenzene over Ce-BTC MOF 5oxidation was acetophenone (AP), with a small amount of
benzaldehyde (BZ) and benzoic acid (BA), as shown in Table 1.
Only 5.01% conversion was achieved without a catalyst, while
in the presence of the catalyst both EB conversion and AP
selectivity increased. In particular, AP selectivity reached
90.26%. Fig. 4(B) conﬁrms the effect of temperature on the
reactions; it shows that the conversion of EB and selectivity
of AP increased from 130 to 160 C, and then a slight decrease
was observed at a temperature of 180 C. Thus, to obtain a
higher conversion and selectivity toward AP, 160 C was cho-
sen as an appropriate reaction temperature for the oxidation of
EB over Ce–BTC.
From Fig. 5(A), it is evident that EB conversion increased
by increasing the time of the reaction from 6 to 20 h and
then reaching a steady state. The maximum conversion of
68.75% was achieved at 20 h. The selectivity of AP also
increased with an increase in reaction time. However, the dif-
ference was not as large as that found with respect to conver-
sion. As is indicated in Fig. 5(A), over 90% selectivity was
achieved at all selected reaction times, and it reached a max-
imum value of 95.27% at 20 h. The results showed that even
at a short reaction time, high product selectivity (>90%)
was achieved, while the conversion was more dependent on
reaction time. However, from an industrial point of view,
conversion and selectivity are equally important. Thus, 20 h
was chosen as the optimum reaction time. The conversion
and selectivity achieved were less than those reported using
Ce-AlPO-5 (Subbiah et al., 2011). The lower conversion is
likely due to the reaction here, which was in an atmosphere
of oxygen over the liquid phase. The conversion may
increase if the reaction was carried out by bubbling the oxy-
gen into the liquid; Ce3+ sites on the catalyst may act more
efﬁciently in the conversion. Similarly, the decrease in theScheme 1 Possible reaction mechanism f
Please cite this article in press as: Peng, M.M. et al., Solvent free oxidation of eth
dx.doi.org/10.1016/j.arabjc.2014.11.024selectivity compared to that found in earlier reports may
be due to the retention of the intermediate 1-phenylethanol
over the catalyst for a longer period of time. This restricts
the diffusion of a new entrant (ethylbenzene) into the pores,
leading to exhaustive oxidation of the intermediate into benz-
aldehyde and benzoic acid. These intermediates were not
observed in earlier reports.
As shown in Fig. 5(B), both the conversion of EB and the
selectivity of AP increased with an increase in the catalyst
quantity, from 0.01 to 0.07 g, and thereafter it decreased.
The low conversion and selectivity at lower catalyst weight
were caused by insufﬁcient catalyst active sites, while the con-
version and selectivity decreased when the catalyst weight was
more than 0.07 g and were likely due to the abundant amount
of nascent oxygen released from the active sites, which ulti-
mately proceeded to vigorously oxidize and produce products
other than AP. When 0.07 g of catalyst was loaded, the conver-
sion and selectivity were 84.99% and 95.63%, respectively. As
reported earlier, a plausible mechanism for the reaction is
given in Scheme 1 (Subbiah et al., 2011). With respect to the
mechanism, in the ﬁrst step, the Ce3+ site will adsorb the O2
and then form a metal hydroperoxide by abstracting the
proton of the ACH2A group of ethylbenzene where, compared
with the methyl proton, the methylene proton is more
susceptible to oxidation due to the overcrowding of CH3 ver-
sus ACH2A. Further, the methyl group rotates more than
ACH2A, and this restricted rotation by benzene makes it more
susceptible to oxidation, as reported earlier. In the next step,
the 1-phenylethanol formed will be attacked by atomic oxygen
produced by the Ce3+ site, causing the expelling of hydrogen
in the form of water and producing AP. If the intermediate
1-phenylethanol resides over the catalyst for a long time, it
may cause extensive oxidation to other products, such as benz-or the oxidation of EB over Ce-BTC.
ylbenzene over Ce-BTC MOF. Arabian Journal of Chemistry (2014), http://
Table 2 Recyclability of Ce–BTC.
Catalyst Run EB conversion (%) Product selectivity (%)
AP BZ BA
Ce-BTC 1 84.99 95.63 3.87 0.50
2 82.54 95.60 3.88 0.52
3 80.34 95.96 3.50 0.54
4 79.72 95.84 3.67 0.49
Temperature: 160 C, reaction time: 20 h, catalyst weight: 0.07 g, O2 ﬂow rate: 5.5 ml/min.
6 M.M. Peng et al.aldehyde and benzoic acid. An earlier report showed a high
selectivity for AP due to the use of air as the oxidant where
the O2 quantity is much lower; thus, a slower reaction will pro-
ceed to give the desired product with higher conversion
(Subbiah et al., 2011). In the present work, we studied the oxi-
dation using pure oxygen. There is more reactive O2 available
here, and the quantity of intermediate formed will rapidly be
converted into other products, leading to a small decrease in
selectivity.
The next notable property related to using a heterogeneous
catalyst is the reusability of that catalyst. Thus, in the present
study the catalyst recovered from the ﬁrst cycle was subjected
to two subsequent runs. The results obtained (Table 2) demon-
strated that the catalyst activity remained unchanged, but the
pore volume was slightly reduced (0.1062 m3 g1) from the ini-
tial catalyst. This may be due to the presence of small amounts
of reactant or product AP (the boiling point of which is
202 C, which is higher than the catalyst activation tempera-
ture) formed during the reaction, indicating that active Ce3+
sites responsible for oxidation are present on the surface and
not inside the pores as expected. This can be further conﬁrmed
from the decrease in peak intensity in DRS-UV spectra
(Fig. 3(B)) of Ce-BTC. The decrease in intensity may be due
to the presence of AP near the Ce3+ site which mask/interfere
with the intensity of light absorbance by the Ce3+ site. With
respect to this mechanism, further investigation is now under-
way in lab.4. Conclusions
A cerium based 1,3,5-benzenetricarboxylic acid ligand metal–
organic framework Ce-BTC was synthesized and tested as a
catalyst for the aerobic oxidation of EB. The results showed
evidence that the catalyst was more efﬁcient in the oxidation
of the alkyl aromatics tested, with 84.99% conversion and
95.63% selectivity for AP. Moreover, the catalyst was more
stable and could be reused for more than four cycles. In
addition, Ce-BTC can be used for the oxidation of other alkyl
aromatics such as toluene, dimethylbenzene, and diphenylme-
thane, which are targeted in our future work.Acknowledgements
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